Introduction
Future missions concepts envision very large, high power systems to be orbited in either low Earth orbit or at geosynchronous altitudes. These concepts embody solar array powers of 25 kW and higher. For these high levels of power, there must be an increase in the operating voltage from the present day level if the weight and harness losses are to be minimized. Operating voltages up to 45 kV have been proposed. 1 At such high voltage and power levels, large areas of solar array with kilovolts on them will be exposed to the plasma environment. The interaction of these high voltage surfaces with the space plasma can seriously impact the performance of the power system. Therefore detailed understanding of the surface-plasma interaction phenomena are required before these systems become feasible.
Previous plasma interaction studies were limited to small samples.2-9 Used in these studies were samples that simulated the front side and pinhole imperfections on the back side of solar arrays. In some tests small solar array panels were_ used. All these samples were tested by biasing them with an external power supply and measuring the plasma coupling current.
Two main results were found: (1) for positive bias voltages above about 100 volts on samples that have their electrode exposed to the plasma and surrounded by an insulator, have a leakage current that is greatly increased by the insulator, and (2) for the small solar array samples that were biased negatively, arcing to the plasma occurred for high bias voltages. These arcs were observed for bias voltages as.low as 300 *Aerospace Engineer.
volts. Associated with these arcs were large surges of current which sometimes tripped off the power supply. If the large current for positive bias and arcing for negative bias continue to occur for large samples, then these may be the limiting factors for the operating voltages for the high voltage solar arrays of standard construction.
The present studies involved testing relative ly large samples. An array consisting of nine 37 cm x 38 cm solar panels arranged to form a 3x3 solar panel matrix was used. In addition, three other samples were tested; (1) a single solar panel that was the same size as one of the panels in the 9-panel matrix; (2) a 6 1-cm diameter fiberglass disk with a 3.6 cm diameter electrode in its cen ter; and (3) a 3.6 cm diameter electrode without any surrounding insulation.
Except for the plain disk sample, these samples were much larger than any of the samples previously tested. To insure that the sheath that is formed around the samples at high voltages could expand without wall inter ference, the same samples were tested in a large vacuum facility at NASA Lewis Research Center (LeRC) and checked in a much larger vacuum facility at NASA Johnson Space Flight Center (JSC).
The results from these tests will aid in de vising scaling laws for the current collection, help in determining the sample size limitation of the LeRC facility, and also help in determining whether the current enhancement and arcing is worse for very large solar arrays.
Test Samples

6
A 1-cm diameter disk with a 3.6 cm diameter electrode, a 3.6 cm diameter electrode without sur rounding insulation, and 10 solar panels were used in the tests. A croon-sectional view of the fiber glass disk is shown in Fig. 1(a) . The electrode was made of stainless steel and gold coated on top. All the solar array panels had 0.015 cm (6 mils) microsheet over each cell. Standard silver Z-bar interconnect construction was used between the cells ( fig. (b) ). These inteconnects were left bare and served as the current collection areas on the solar array panels. The solar panels were constructed to flight speclfications and orig inally served as back-up panels or were used in qualification testing for either the Space Electric Rocket Test (SERT) II to form a x3 matrix of solar array panels. The panels in this matrix will be referred to by panel number as shown in Fig. 1(c) . The panels were electrically isolated from the aluminum grating using 1.9 cm long ceramic isolators. A picture of the 9-panel array, the 61 cm fiberglass disk, and the single solar array panel mounted in the LeRC facility is shown in Fig. 2. -Both the positiVe and negative terminals on each panel were brought to a terminal strip outside the vacuum chamber. This allowed any series or parallel connections or groupings of the panels to be achieved. This also allowed the current to each individual panel or to a particular group of panels to be measured, Another solar array panel, a SERT II type, was tested singly. A comparison of the data from this panel with that of the 9 -panel array shows the effect of the surrounding panels on the collection current.
Facilities
The tests were performed in two different vacuum facilities, one located at NASA LeRC and the other located at NASA JSC. The vacuum facility at LeRC was 4.6 m in diameter and 19.2 m long. The vacuum chamber at JSC was 20 a in diameter and 27.4 m long. In each facility the ambient pressure was 6 approximately 5x10 -tort. In the LeRC facility the 9-panel matrix faced axially and the single solar panel and the disk faced radially when mounted in the chamber as shown in Fig. 2 . At JSC all panels, including the 9-panel matrix, faced radially toward the center of the chamber ( fig. 3 ).
These were mounted on a ring whose circumference was located about 9.1 m from the chamber floor and 3 m from the vertical side wall.
The plasma at JSC was generated from a 30 cm diameter Kaufman ion thruster using argon gas. The accelerating and decelerating grids on the thruster were left floating. Operating the thruster in this manner, the thruster was capable of enerating -plasma densities from 104 to 106 cmw . The source was located in the center of the floor of the chamber.
At LeRO the plasma was generated using a Pennington type discharge tube. This source was capable of generating plasma densities up to 105 -3 cm . A cross sectional view of this plasma source is shown in Fig. 4 . The source was operated with an anode voltage of 50 volts. A baffle was used to spread the plasma throughout the chamber.
This baffle also prevented any line of sight between the samples and cathode filament of the source. Both argon and nitrogen gases were used in this source.
In both facilities Langmuir spheres were used to diagnose the plasma.
In some of the tests at JSC, a solar simulator was used in testing the 9-panel solar matrix. The simulator consisted of two circular beam carbon arcs mounted on the side wall opposite the 9-panel matrix sample. The arcs were adjusted for an intensity of one solar constant at the panel location. All panels were fully illuminated except for two small triangular shaped areas on panels number 2 and 8 in the matrix. These triangular areas were the areas left from using two circular arc lamps to illuminate the square shaped area of the 9-panel matrix. No solar simulation was used in.the LeRC tests.
Procedure
All the tests except some of those with ilium ination at JSC were performed by externally biasing the samples. The voltage was slowly increased while the current was measured with an electrometer between the power supply and.the sample. -Bothpos itive and negative biases were used in the tests.
The bias voltages applied to the array were in the range 11 kV (less if the power supply tripped).
The disks were biased to -2.5 kV. For the solar simulation tests the 9-panel matrix was tested floating, grounded, and biased with an external power supply. With illumination the 9-panel matrix had an open circuit voltage of 260 V and a short circuit current of 43 mA. This low short circuit current was probably due to two of the panels in the series not being fully illuminated.
Results and Discussion
Positive Bias Disk experiments. The plasma coupling current as a function of positive applied voltage for the 6 1-ca diameter fiberglass disk is shown in Fig. 5 . Two tests are shown for the LeRC facility, one with argon plasma and the other with nitrogen plasmal As can be seen the type of gas makes no discernable difference. The JSC tests were run only in an ar gon plasma. From Fig. 5 it is seen that there is a large variation in the data for voltages below 200 V. In both the LeRC tests, the coupling currents were approximately an order of magnitude lower than JSC test data in the low voltage range. Although this difference is rather large, no significance can be placed on it since differences of this mag nitude have also been observed between different runs at LeRC.
The large increase in current seen for volt ages between 100 and 500 volts is due to the insu lator surrounding the electrode (area ef feet). [3] [4] [5] In order to see clearly the effect of the insulator, the plain disk and the 61 cm dimar eter samples results are shown in Fig. 6 . In addiLion, the ground Lest data for the kapton disk ex periment for the PIX satellite 2 are also shown on this figure. The kapton disk sample was of the same type construction as the fiberglass disk ex cept for a sheet of 0.0127 cm thick kapton was used to cover the top of the fiberglass substrate. The kapton disk was 20.3 cm in diameter with a gold coated electrode the same size as those in the pre sent tests. From this figure, it is seen that the kapton disk and the fiberglass disk results are very close at the high voltages. The current col lected is approximately 6.5 times higher than those for the plain disk in this voltage range. A simple probe calculation indicates that the effective electrode area for the disks with insulation is about 310 cm 2. Thus the dominant effect of the surrounding insulator on current collection appar ently occurs within a radius of approximately 10 cm or a distance of 8.2 cm beyond the electrode. Also from Figs. 5 and 6, it is noticed that after the current has made its jump, it varies approximately linearly with voltage thereafter. According to probe theory this type of variation occurs for con stant probe areas. This implies that for the fi berglass disk and kapton disk samples, after the current has made its jump the effective current collection area remain constant with voltage.
For voltages below 160'volts the plain disk results are higher than the fiberglass and the kapton disks results. This agrees with previously found reslts that insulators suppress electron current collection at low voltages, Single solar array panel. The electrodes for the solar panels are the interconnecting tabs between each solar cell. Therefore surrounding the electrodes are the insulating cover glass of each solar cell. The plasma coupling current-voltage characteristics for the single solar panel is shown in Fig. 7 . A large variation in the data from run to run for voltages below 100 V are observed for this sample also. Factors causing the large irreproducibility in the data in this voltage range have not been investigated. It is known that the surrounding insulator causes a suppression in electron collection. The same insulator causes an enhancement of the current at higher voltages as can be seen from the steep rise in current for voltages between 100 and 300 volts. At higher voltages, the current rises linearly with voltage indicating the whole array is collecting current as a solid electrode.
In the JSC tests, an unusual phenomenon occurred. When the voltage was raised above 400 V, an oscillating glow type discharge occurred between the panel and the surrounding plasma. The current increased by a factor of hundred or more and was very unstable. This caused the power supply to trip off and so the test was terminated. This type of discharge has not been observed in the LeRC facility.
-Nine panel solar array matrix. The current voltage characteristics for the 9-panel array is shown in Fig. 8 for tests performed at LeRC and JSG. The current increases rather steeply, with voltage up to a voltage of approximately 200 V. Above 200 V the increase is more gradual and is less than linear. This less than linear increase in current is as expected since for this size panel the current collection is beginning to approach that for an infinite plane. For an infinite plane the current is constant since the current is at most the thermal flux hitting the sheath boundary, In the JSC chamber the 9-panel array also went into a glow discharge mode at voltages above 200 volts. In this mode a bright glow appeared over all nine panels and the current was larger than the 20 mA limit of the power supply. This type of discharge was observed for all positive bias run in the JSCS chamber but was never observed in the LeRC chamber. In order to rule out the possibility that the pressure in the vicinity of the panel was much higher in the JSC chamber than in the LeRC chamber, argon gas was bled into LeRC chamber to increase the pressure to approximately Sxl0 -5 torr. Testing at this pressure still did not produce the discharges. The cause of these discharges remain un explained.
In order to see the voltage profile across the panel, a Treck electrostatic surface voltage probe was swept across panels 2, 5, and 8 at a distance about 0.3 cm from the cell surfaces. The voltage sweep was made in both the LeRC and the JSC chambers. At the low voltages, that is, before the current makes its jump, the voltage is limited only to the interconnecting tabs between solar cells. The profile is similar to that shown in Fig. 9 for negative bias except that the peaks are positive. At the high voltages, that is, after the current jump, the whole array is essentially at the applied voltage or slightly below it.-A positive voltage trace obtained in the LeRC chamber when the array is at 500 volts is -also shown in Fig. 9 . As can be seen, the whole array is approximately 50 volts below the applied 500 volts. The large current at the high voltages are, therefore, caused by the whole array surface attracting electrons.
The 9-panel array was also tested under an illumination of one solar constant generated using the carbon arc solar simulator in the JSC facil ity. With all panels in series, an open circuit voltage of 260 volts and a short circuit current of 43 mA was measured. The sequence of the series connection was 1-2-3-6-5-4-7-8-9 with panel 9 being the low end. The current flowing through each panel of the series when the 9-panel array was floating and grounded are shown in Fig. 10 . Also shown in the figure for the floating case are the value of the voltage with respect to ground on the high voltage side of each panel. It is seen that the zero voltage point is located somewhere in panel 2. Parts of the 9-panel array float up to 45 volts positive and 203 volts negative with respect to ground. This agrees with the statement gener ally assumed that most of a floating array in space would be negative with respect to plasma poten tial. When the array is grounded, approximately 12 mA of current is passing through the array. This is comparable to the current collected at 300 volts with an external voltage power supply.
The 9-panel array was also biased with an ex ternal power supply connected to panel 9. The re sults are shown in Fig. 11 . Also shown in Fig. 11 are the results for the panel in the dark. With illumination, discharging occurred above a bias of 100 volts, causing the power supply to trip off. Since the solar array itself generates over 200 volts, the voltage for this discharge is over 300 volts which is comparable to the value observed in the dark. Comparing the results with illumination with those obtained in the dark shows that the in sulator area effect is active with the internal generated voltage of the array.
Negative Bias Disk experiment. The coupling currents versus applied voltage for both disk experiments are shown ip Fig. 12 . As can be seen the current is almost linear, with voltage for both the plain disk and the 6 1-cm diameter fiberglass disk. The plain disk current is about a factor of three higher than the fiberglass disk current. This iplies that the fiberglass i nto srrondin the te I large fiberglass insulator surrounding the elec trode tends to suppress the ion current to the electrode. This result was not observed in pre vious tests with smaller samples.
Solar array experiments. The coupling cur rents versus applied voltage for the solar array experiments are shown in Fig. 13 . For the single array arcing occurred for voltages higher than 150 volts and for the 9-panel array arcing occurred for voltages higher than 250 volts. These arcs are point blowoff type discharges. Electrons seem to be blown off into the plasma at different points on the array. During arcing there was always a steep rise in current and it was very unstable.
From Fig. 13 it is also noticed that the coupling current for the 9-panel array rises more gradnally than that for the single panel array. This is probably because this large size array tends to collect like an infinite plane.
The surface voltage trace for a negative bias of 500 volts on the 9-panel array is-shown in Figw 9. Ulfike the case for positive bias at this voltage level, only the interconnecting tabs are at the applied voltage. The solar cell coverslides remain essentially at zero volts,
Concluding Remarks
Three samples were tested in a plasma of approximately Ixl0 4 el/cm 3 in this investigation;
(1) a single solar panel of approximately 1400 cm 2 , (2) a matrix of nine single panels each con-2 sisting of approximately 1400 cm , and (3) a 61 cm diameter fiberglass disk with a 3.6 cm diameter electrode in its center. Each of these samples was biased positive and negative to I kV or until arcing occurred.
For positive bias, all three samples with insulators showed that the insulator strongly increases the electron current. For all of these samples, there was a steep rise in, current for voltages between 100 and 500 volts. Above 500 volts, the current increase was dependent on the size of the sample. For the disk and single array experiments, the current rose almost linearly with voltages above 500 volts. For the 9-panel array the current was tending toward that expected for an infinite plane, that is, the current increased less than linearly with voltage. Also for positive bias, the disk experiment showed that most of the influence of the insulator was limited to a distance less than 10 cm from the edge of the electrode.
In the large vacuum chamber at JSC for pos itive biases on the solar array samples, a glow type discharge occurred over the arrays. This dis charge was not observed in the smaller chamber at LeRC and could not be initiated by increasing the pressure of argon in the smaller chamber. This phenomenon needs to be investigated further to-see whether it is real for space conditions or is pecu liar only to some ground facilities.
For negative bias, the most serious phenomenon observed was blowoff type arc discharge occurring on the solar arrays. These arcs have been observed for all size solar arrays. The arcs are not pecu liar to facility size or type of gas used to gener ate the plasma. However, in the voltage range where arcs did not occur, the current was low, var ied linearly with voltage, and may be retarded rather than enhanced by the insulator. Therefore, solar arrays operating in this voltage range should not experience any adverse effects.
Current collected by a solar array that is generating its own voltage under illumination is similar to that for an array using an external power supply. This implies that if the physical configuration of an array could be simulated, then reliable plasma testing could be carried out using external'power supplies.
Finally, except for the glow type discharges for positively biased solar arrays, the results show that 15-foot diameter chambers are adequate for testing samples of one square meter at voltages up to I kV.
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